Introduction
As an example of typical problem related to evolution of radiation induced damage, degradation of material properties in a thin-walled irradiated cylindrical part of detector of particles has been investigated. The coaxial target -detector configuration is shown in Fig. 1 . The target is hit by high-energy particles beam. The process of beam absorption is associated with emission of secondary particles flux in the radial direction. The secondary particles induce microdamage in the thin-walled cylinder surrounding the target. As the cylinder is simultaneously subjected to mechanical loads, the fields of radiation and mechanically induced damage occur in the same lattice. Thus, the present work constitutes an attempt to fill in the gap and offers consistent methodology to trace the evolution of micro-damage of different nature and to predict the time to rupture of the component. Based on the expected displacement per atom (dpa), an attempt to identify the critical radiation damage effects for structural materials is made. Thus, the ultimate goal is lifetime prediction expressed in terms of the number of beam cycles for components of particle detectors [2, 3] .
Kinetics of evolution of radiation induced damage
It is assumed that the flux of secondary particles emitted from the target as well as the related distribution of NIEL (non-ionizing energy loss) [1] in the cylindrical shell reflect the profile of beam deposited power in the target. Thus, typical dpa distribution in the target-detector coaxial configuration is illustrated in Fig. 2 . Fig. 2 . Typical distribution of dpa in the detector wall (along the generator of cylindrical shell)
In order to carry out the analysis, typical dpa distribution has been described by the following function:
Based on the known dpa in the representative volume element (RVE), the density of defects (clusters of voids) caused by irradiation is computed. The dependence between the cluster density q c , the average cluster radius r c and the dpa value is of power type [5] :
In a similar way, the radius of clusters is computed. Here, again type power law is applied
where qI C , qII C , qI n , qII n , r C , r n denote the material parameters, s D denotes the saturation irradiation dose (in dpa units) and cr r is the mean cluster radius with respect to the irradiation dose equal to s D . Based on dpa profile, the distribution of density of clusters of voids q c has been obtained along the generator of the cylindrical shell, as shown in Fig. 3 a) . Also, the distribution of radius of clusters along the shell generator is illustrated in Fig. 3 b) . -3 the number of stable vacancy clusters increases substantially, however, the average size of the vacancy clusters stabilizes (Fig. 3) around dpa equal to 10 -1 . In order to determine the material parameters, the clusters density and the average cluster size expressed by the number of atoms per cluster are plotted as a function of the irradiation dose in Fig. 4 . Here, the irradiation dose is expressed in dpa units. After the critical dpa value has been reached the clusters size evolution stops and for Al corresponds typically to some 55 atoms. Also, the number of clusters per unit volume is saturated and evolves slowly for higher doses. For Al the dpa threshold value stays in the range of 10 -2 -10 -1 dpa. In order to describe the evolution of anisotropic damage, second order damage tensor D is introduced [4] :
Here, ⊗ denotes the dyadic product. and i n stands for the base vector associated with the principal direction i. i D denotes the component of damage tensor related to direction i, defined by:
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where I denotes the identity tensor. In order to combine both types of damage: radiation induced and of mechanical origin, additive rule is postulated. Applying the additive rule, one obtains the total damage tensor as a sum of the mechanically and the radiation induced damage tensors:
It can be further expressed in terms of damage rates:
where:
The model can be easily reduced to its scalar form by means of contraction operation:
where: dp S 
Here, Y stands for the strain energy density release rate and S denotes the strength energy of damage. The driving force of damage evolution remains the accumulated plastic strain p. The strain energy density release rate Y has been expressed here as a function of the von Mises equivalent stress eq σ , the hydrostatic stress H σ and the Poisson coefficient ν .The surface density of clusters of voids is now recalculated in order to obtain the damage parameter 
The radius increment c dr is derived as a function of the equivalent plastic strain dp , the stress triaxiality factor ( ) eq m / σ σ 2 3 , the current radius c r and a scalar multiplier r α . The increment rm dA of clusters cross-section can be now expressed as a difference between the post-irradiation and the initial clusters cross-sections: 
Applying Eq. (17) the post-irradiation damage evolution law is derived as a function of the mean radius of cluster after irradiation r c0 and the accumulated plastic strain increment dp: dp exp dp exp exp r q dD 
Integrating the above equation for the uniaxial stress, the post-irradiation damage law is described by the exponential function of plastic strain:
The dependence between the damage parameter and the plastic strain for the Rice & Tracey model is illustrated in Fig. 5 .
Analytical solutions for the problem of periodic irradiation combined with cyclic axial loads
The mechanism of damage evolution for multiple irradiation cycles is illustrated in Fig. 6 . Single cycle is composed of emission of the particles flux, production of cluster of voids and further mechanical loading. The number of clusters of voids increases at each subsequent cycle. Given the fact, that increment of damage is for real applications rather small ( 
one obtains the following recurrence relation for damage parameter:
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Integrating the Rice & Tracey law the increase of cluster of voids radius reads:
the recurrence relation for damage parameter takes the form:
Each further term of the sequence is defined as a function of the preceding terms, where the basic formula has the form:
Below a sequence of expressions describing the damage parameter using the recurrence relations (23) and (24) is derived: 
where 1 a is a scaling factor, and 0 ≠ q is the common ratio: 
The following sum of geometric series is obtained: 
Here, the following criterion has been used: 10 − , the evolution of mechanically induced damage significantly reduces the number of cycles to failure (Fig. 6 b) ). a) b) Fig. 7 . Damage parameter at failure along the shell generator
The mechanical induced damage and total damage distributions at the moment of failure are shown in Fig 7 a) and b) , respectively. For the data applied in the present example the values of mechanical damage parameter are relatively small when compared to the radiation damage levels.
Summary
In the present work a new constitutive model has been built in order to include the evolution of radiation induced damage in the lifetime estimation of critical components subjected to irradiation and mechanical loads. Both types of damage fields, radiation induced and mechanical, are functions of the accumulated plastic strains and start evolving beyond the yield stress. The model has been developed in the framework of continuum damage mechanics and contains strong physical background related to the mechanism of generation of clusters of voids in the irradiated solids.
